We present a new approach to super-resolution optical imaging, based on structured illumination in hyperbolic media. The proposed system allows for planar geometry, has unlimited field of view, and is robust with respect to optical noise and material losses.
Structured illumination is a widefield imaging method where a grid pattern, usually generated through the interference of incident light, is superimposed on the specimen. [1] The imaging resolution in this approach is then determined by the periodicity of this intensity pattern, and reduces to one quarter of the free-space wavelength for illumination from free space, Δ = λ 0 /4. The situation is however dramatically different in the world of hyperbolic metamaterials, [2] where the opposite signs of the dielectric permittivity components in two orthogonal directions (ε x ε z < 0) lead to a hyperbolic dispersion of TM-polarized propagating waves
with the wave numbers unlimited by the frequency (see Fig. 1(a) ). A hyperbolic metamaterial, when used as a substrate for the object, will therefore free the structured illumination from the λ 0 /4 bound, and allow the imaging resolution only limited by the size of the metamaterial unit cell. Fig. 1 . Panel (a): iso-frequency curves in a silver-glass hyperbolic metamaterial, for two different free-space wavelengths λ 0 : 425 nm (blue curves) and 550 nm (red lines). Solid curves are obtained from the exact calculation taking into account the finite widths of each layer (a = 5 nm), while the dashed lines correspond to the effective medium approximation (see Eqn. (1)). The arrows normal to the iso-frequency curves, indicate the directions of the group velocity. The inset shows the schematics of the silver-glass hyperbolic metamaterial, and introduces the coordinate system. Panels (b)-(c): the magnetic field intensity for light of different wavelengths (425 nm (b) and 550 nm (c)), incident from z < 0 half-space onto the hyperbolic metamaterial formed on top of a thick silver film with a narrow slit centered at x = 0. The slit is parallel to the y-axis and is 5 nm wide in the x-direction. Note the conical emission pattern typical for any point source in a hyperbolic medium, and strong sensitivity of its directionality to the wavelength.
Since the direction of the group velocity coincides with the normal to the iso-frequency surface that in a hyperbolic medium asymptotically approaches a constant slope, for a point source placed at the edge of such a metamaterial, the emission intensity diagram forms a conical pattern (see Fig. 1 (b) ,(c)), with the "thickness" of the expanding conical "sheet" of electromagnetic radiation well below the free-space wavelength. [3] Since a strong material dispersion is inherent to hyperbolic materials, a change in the frequency ω will result in a substantial variation of the emission cone angle, as illustrated in Fig. 1 for different wavelengths. As a result, while a single source (or an opening) at the bottom of the hyperbolic "substrate" only illuminates a small part of the object plane at its "top", a change in the electromagnetic frequency would allow the incident field to continuously sweep the entire object plane (see Fig. 1 (b) ,(c)), and a complete subwavelength image can be obtained in a single hyper-spectral measurement.
This behavior is further illustrated in Fig. 2 , which shows the original geometrical profile of an object formed by four silicon nanowires on top of the silver-glass metamaterial, and its reconstructed profile. Note that the 30 nm separation, which is less than 1/10 of the shortest illumination wavelength, is clearly resolved -despite a substantial amount of noise in the system.
The hyper-structured illumination approach introduced in the present work, therefore combines deeply subwavelength resolution with the relative simplicity of planar geometry that would facilitate surface functionalization for cell targeting and imaging, essential for biomedical applications. Compared to the existing super-resolving extensions of structured illumination, such as the plasmonic structured illumination, [4] the proposed approach is not limited to a particular resonant wavelength (such as e.g. the surface plasmon wavelength), and is not sensitive to the material absorption. In terms of the actual fabrication of the required hyperbolic metamaterial substrate, it's well within the limits of already demonstrated capabilities. [5] This work was partially supported by NSF grant 1120923 and by Betty and Gordon Moore Foundation.
